This paper investigates the moisture transfer behavior of spacer fabrics. Spacer structures are knitted fabric constructions comprising two separate fabrics which are joined together by spacer threads. In order to investigate the dynamic moisture transfer of spacer fabrics, an experimental apparatus was developed which made the simulation of human body sweating possible.
INTRODUCTION
The creation of clothing which surrounds the body with a microenvironment and function under physiological conditions has made it possible for us to live in conditions as extreme as the hot desert or the cold polar area. Textiles have been developed to improve their physiological functions for thousands years. The ability of clothing to transport heat and moisture vapor, produced by human body, with high water vapor permeability is one of the most important factors allowing the human body to provide cooling due to evaporation [1] . Transfer moisture vapor of clothing has a critical role in wear comfort, especially in conditions that involve sweating. The moisture transfer properties of clothing materials contribute to determining the thermal and sensorial comfort of garments made from them [2] . In fact, an important purpose for clothing designers is keeping the skin dry after physical activity by rapid transport of liquid perspiration away from the skin, because of the role of humidity next to the skin in determining comfort levels [3] .
The wear comfort of clothing is affected by physical processes include heat transfer by conduction, convection and radiation. Meanwhile, moisture transfer by diffusion, sorption, wicking and evaporation, and mechanical interactions in the form of pressure, friction, and dynamic irregular contact. The main interests of research in the field are the dynamic heat and moisture transport behavior of clothing and their influence on clothing comfort in the last decade [4] .
There are three possible ways the moisture may migrate along the direction of the concentration gradient, when a water vapor concentration gradient is applied across a fabric: travelling of the water moisture through the fiber interiors, along the surfaces of the fibers, or through the air spaces between the fibers and the yarns.
As long as the water remains in the vapor state, bulk transport of liquid by capillary action can be neglected, and these routes may be described by the following three mechanisms: a) molecular diffusion through the polymeric phase, b) surface diffusion of absorbed molecules along the fibers and c) molecular diffusion through the air spaces of the fabric [5] . Perspiration moisture collects in and passes through clothing as worn. [6] .
Generally, in responding to external humid transients; a piece of dry fabric exhibits three stages of transport behavior. Two fast processes are dominated in the first stage: water vapor diffusion and liquid water diffusion in the air filling the interfiber voids, which new steady states can be reached in a fraction of a second. Throughout this period, water vapor diffuses into the fabric because of the concentration gradient across the two surfaces. In the meantime, due to the surface tension force, the liquid water starts to flow out of the regions of higher liquid content to the drier regions.
The second stage, which is a relatively slow process features the moisture sorption of fibers and takes a few minutes to a few hours to be completed, depending on the hygroscopicity of the fibers. In this period, water diffuses into the fabric by sorption of water into the fibers, which increases the relative humidity at the fiber surfaces. After liquid water diffuses into the fabric, the surfaces of the fibers are saturated because of the film of water on them, which again enhances the sorption process. Throughout these two transient stages, the heat transfer process is coupled with the four different forms of moisture transfer due to the heat release or absorption during sorption/desorption and evaporation/condensation, which, in turn, are affected by the efficiency of heat transfer.
At last, the third stage is reached as a steady state, in which all four forms of moisture transport and the heat transfer process become steady and the coupling effects among them become less significant [7] . Spacer fabrics are much like a sandwich, which have two complementary slabs of fabric with a third layer tucked in between. Spacer fabrics are essentially pile fabrics that have not been cut and consist of two layers of fabric separated by yarns at a 90 degree angle. Spacer structures are knitted fabric constructions comprising two separate fabric webs which are joined together and kept apart by spacer threads. The spacer threads are generally made of PET or PA monofilament yarns. This creates a ventilated space of 1.5 to 60 mm of air, allowing heat and moisture to escape. The amount of air incorporated in the assembly can be altered by modifying the structure of the knitted construction [8] .
Thermal regulation properties and active breathing properties of spacer fabrics are due to three-dimensional construction and special properties such as high porosity and high air permeability. They also transport moisture. In the 3-D structure of the textile an insulating layer of air is formed between the two outer surfaces of the textile, which protects the wearer from the effects of heat, while at the same time, guarantees that the garment is both breathable and comfortable [9] .
Measuring of the local moisture content of fabric surfaces next to the skin in a real wearing experiment was studied by researchers. To provide a method for measurement of moisture transport of spacer fabrics during sweating conditions, we developed a dynamic sweating hot plate instrument to simulate the conditions in which clothing fabrics are placed over a sweating skin. The sweating guarded hot plate apparatus, simulating the heat and moisture transfer from the body surface through clothing material to the environment, was designed for the measurement of water vapor transfer of fabrics, relating to comfort characteristics of the garment [10] .
Background
A mathematical model to describe coupled heat and moisture transfer into an assembly of textile fibers was first proposed and analyzed by Henry in 1939. In this model a system of differential equations was developed to describe the processes involved, derived from the conservation of mass and energy. In a small element of fabric with unit area and thickness dx, homogeneously packed with fibers, and exposed to a moisture gradient, water vapor is assumed to diffuse through the interfiber spaces and to be absorbed or desorbed by the fibers. Volume changes of the fibers due to changing moisture content are neglected. Because the diffusion coefficient of water through fibers is negligible compared with that through air, moisture transport through fibers is also ignored. A mass balance on the basis of the above assumption leads to Eq. (1):
Where ε is the porosity; C a and C f are the moisture concentration in the air and fibers respectively. D a is the diffusion coefficient of water vapor in air; and τ is the effective tortuosity of the fabric [4] . Sorption kinetics for cylindrical fibers is described by diffusion process, which is governed by Eq. (2) [4] : In this equation r is the radial distance from the center of the fiber (m). It was assumed the moisture content at the surface of fiber reach instantaneous equilibrium with the moisture content of the adjacent air, as Eq. (3):
Where R f is the mean radius of the fibers (m); W c is the fractional water content at the fiber surface; and H a is the fractional relative humidity in the adjacent air.
The relationship between moisture content of fibers and relative humidity of the adjacent air is commonly described by the sorption isotherm. For instance, the sorption isotherm for polyester can be expressed as Eq. (4) 
Numerical Solution of the Model
The finite difference scheme is used to numerical solution of Eq. (1) and (2) . The parameters of polyester fabric (sample 1); that was needed to solve Eq. (1) and (2) are listed in Table I . A single set of properties is assumed for the entire thickness.
Initial and Boundary Conditions
To find a solution to Eq. (1) and (2), it was needed to specify boundary and initial conditions for humidity and moisture content. It is assumed that, initially a fabric is equilibrated to a given humidity (C a0 and H a0 ). The moisture content is uniform throughout the fabric at known values, as Eq. (5) [14] :
The fabric then undergoes a change to a different atmosphere, inner surface of fabric faced the sweating skin but does not contact it (at x=0), and the outer surface is exposed to the controlled environment (at x=L). The boundaries are exposed to a new moisture concentration C sk and C env . Considering the connective nature of the boundary air layers, the boundary conditions can be described by Eq. (6) [12] : RH for at least 24 hours prior to testing to reach equilibrium regain. In order to investigate the dynamic moisture transfer of spacer fabrics, we developed an experimental apparatus on the basis of the work reported by Prahsarn et al. [10] . This device made the simulation of sweating of human body possible and consisted of a controlled environmental chamber, sweating guarded hot plate and data acquisition system. The instrument for the experiments is shown schematically in Figure 1 . The guarded hot plate, maintained at 35°C and used as a heat source, is housed in an environmental chamber in which ambient conditions are: (25°C, 65%RH). The diffusion cell consists of a water container, a piece of animal skin for simulating human skin and eight humidity sensors.
Inner side of fabric faces the sweating skin but does not contact it, while the outer side is exposed to the controlled environment. Four humidity sensors are put on the sample and four humidity sensors are put under the sample. The temperature and vapor gradients maintained between the points where the moisture vapor emerges from the simulated skin (35°C, 90%RH) and the ambient environment controlled at 25°C and 65%RH are driving forces for the movement of moisture vapor. For comparison between different samples, each sample is tested 10 times and for 10 min. All experiments were carried out in a climate chamber conditioned as T=25°C and RH=65%.
EXPERIMENTAL RESULTS

The Influence of Heat Setting
Fabric porosity is defined as pore area per unit fabric area. Results show that spacer fabrics have very porous structures (Table III) .
Heat setting under drawing of spacer fabrics influences the fabric dimensional properties. Results in Table III indicated that heat setting under drawing of spacer fabrics increases the porosity and air permeability of sample while decreases the thickness and weight per unit area of sample. Comparing the two sample spacer fabrics 1 (raw sample) and 2 (heat setting sample) showed that heat setting sample with higher porosity and air permeability has the higher moisture transfer as shown in Figure 2 .
Air permeability refers to the rate of passage of air through fabric. Transport property of fabric is strongly dependent on fabric structure. The air permeability of the spacer fabric has a strong effect on the ability of moisture transfer. As expected, the higher air permeability leads to the higher moisture transfer. Fabric thickness serves as an important factor since it determines the distance through which moisture vapor and heat pass in traversing from one side of the fabric to the other. 
The Influence of Kind of Spacer Threads
To identify the influence of kind of spacer threads on moisture transfer of spacer fabric, the spacer fabrics with polyester monofilament (sample 3) and nylon monofilament (sample 4) were used. Based on Figure  3 , the ability of spacer fabric to moisture transfer is very high. Comparing the moisture transfer of two samples, it is obvious that the water vapor concentrations reach steady state very quickly in the spacer fabric with polyester monofilament. Whereas in the spacer fabric with nylon monofilament the steady state is obtained after about 10 minute. The nylon monofilaments are more hygroscopic than the polyester monofilaments. Therefore, the obtained results can be attributed to this different property. Polyester monofilaments are hydrophobic and do not absorb the moisture; so, they transfer the moisture faster than the nylon monofilaments. The results show both samples have same moisture transfer after 10 minute. Figure 4 shows the predicted water vapor concentration distribution during moisture diffusion in the air filling of the interfiber void spaces ) ( a C in the spacer fabric (sample 1). The results indicate that the diffusion of water vapor into the fabric through these void spaces is very fast.
COMPUTATIONAL RESULTS
The distribution of the moisture content in the fibers ( f C ) for spacer fabric is shown in Figure 5 . The process of water vapor diffusion into the fibers takes longer to reach equilibrium. Compared with the process of liquid water diffusion into a porous fabric due to capillary action, the process of moisture diffusion into fiber is relatively slow and takes about 2 minutes to reach equilibrium for polyester. Figure 6 shows a comparison of the relative humidity in the void spaces (RH) at the upper surface of fabric with experimental measurements. 
COMPARISION OF EXPERIMENTAL AND COMPUTATIONAL RESULTS
CONCLUSION
An important feature for the physiological behavior of the textiles is their ability to act as a buffer to prevent moisture build-up in the microclimate surrounding the skin when the human subject perspires intermittently, and to keep these conditions (moisture and temperature) within levels which will allow the wearer to feel comfortable. Spacer fabrics have two outer textile surfaces with a spacer zone lying in-between. This intermediate zone creates a layer of air, which has an insulating and thermoregulatory effect. Because of the threedimensional structure and the proper combination of materials used in the spacer fabrics tested, they are able to transport the moisture increase in the microclimate next to the skin during intermittent perspiration of the human subject, and they also guarantee excellent wear comfort.
The Results show that water vapor produced by sweating can be easily and quickly transferred from close to the skin to the outer surface of spacer fabrics to keep the skin dry. Heat setting under drawing of spacer fabrics decreases thickness and weight per unit area and increases the porosity and air permeability of samples. Therefore, heat setting spacer fabrics tends to increase the moisture transfer. These results indicate the importance of parameters such as porosity and air permeability in moisture transfer process. Also, the kind of inter monofilaments as spacer threads was effective. The moisture transfer of spacer fabric with polyester monofilament is faster than spacer fabric with nylon monofilament. The nylon monofilaments are more hygroscopic than the polyester monofilaments, thus the results can be attributed to this different property.
Based on computational results, the diffusion of water vapor into the fabric through these void spaces is very fast. The process of water diffusion into the fibers takes longer to reach equilibrium. Finally, results showed that there is a good agreement between computational and experimental results.
